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A B S T R A C T   
The research focuses on the development and characterization of innovative thin hybrid oxide coatings obtained 
in subsequent processes of thermal (TO) and electrochemical (EO) oxidation. Four different surface modifications 
were investigated and the microstructure was determined, the mechanical, chemical and biological properties of 
the Ti-13Nb-13Zr alloy were assessed using scanning electron microscopy, X-ray dispersion analysis, glow 
discharge emission spectroscopy, Raman spectroscopy, nanoindentation and corrosion resistance measurements. 
The composite layers were evaluated for antimicrobial activity, cytotoxicity bioassays and wettability tests were 
performed. The conducted studies of two-stage oxidation (TO + EO) have shown that it is possible to obtain 
layers with a different structure - crystalline and nanotubular. The formation of a nanotube layer on the surface 
of the crystalline layer is dependent on the thickness of the crystalline layer. The produced double titanium oxide 
coatings show high surface roughness, high corrosion resistance, are hydrophilic, slightly antibacterial, and not 
cytotoxic, which has a huge impact on the process of connecting the tissue with the implant.   
1. Introduction 
Titanium and its alloys are widely used for materials implanted into 
the human body. Despite their very good properties such as fatigue 
strength [1] and corrosion resistance [2–5], and low Young’s modulus 
[6,7], they cannot provide long-term service life. In the first days after 
implantation, they are not able to establish a connection with human 
tissue as they are bioinert. The natural layer, a spontaneously forming 
compact and homogeneous passive oxide layer on titanium (1.5–10 nm), 
insufficiently protects the implant against corrosion in physiological 
fluids. Besides, natural titanium oxide has low bioactivity and shows 
weak binding to bone tissue [8] due to a grown layer of soft tissue 
(fibrosis) preventing direct contact of the implant surface with the bone 
[9,10]. Fibrosis is a natural process that leads to vascularization [11] 
and the formation of fibrocartilage, followed by the formation of bone 
tissue [12–14], and it is not prevented by a natural oxide layer. To 
improve the surface properties, increase bioactivity, and resistance to 
the corrosive effects of the biological environment, titanium alloys are 
subjected to different modifications, which consist of one or more sur-
face treatments. Thanks to the surface modification of titanium alloys 
[15–28] used in implantology, it is possible to improve the mechanical 
binding between implant and bone by increasing the bioactivity of the 
implant and decreasing the healing time by accelerating the processes of 
osseointegration [9,29–34]. Modifications of the implant surface are 
sought to particularly increase the biocompatibility and bioactivity, 
corrosion resistance, and service life of the implants [35]. 
Recent research on metallic biomaterials has been focused on the 
issues related to the thin surface engineering of implants, the formation 
of the top layers involving a base metal, and ceramic or composite 
coatings which show favorable physical, chemical, and mechanical 
properties [36] and allow controllable reactivity, minimize post-
operative complications and, consequently, enable the faster return of 
the patient to full mobility. 
Thermal oxidation (TO) is one of the simplest techniques of surface 
modification, allowing the improvement of titanium properties by 
creating oxide layers [37–39]. It is a promising way to protect metals 
and alloys from the negative impact of the environment by the formation 
of protective coatings on their surface [40–42]. Thermal oxidation takes 
place under the influence of dry gases without the use of an electrolyte. 
It is carried out at high temperatures ranged from 400 ⁰C to 1100 ⁰C 
[43–46]. The process of titanium oxidation is characterized by the 
simultaneous dissolution of oxygen in the metallic phase and the 
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formation of solid oxidation products in the form of scale [47]. As a 
result of TO, the stress increases in the layer, and when reaching a 
critical value, it leads to the formation of gaps and cracks on the surface 
[48]. The created layers form a stable and adhesive ceramic oxide (TiO2) 
coating, which can be found in several crystallographic forms such as 
rutile, anatase, and brucite [49]. The obtained oxide coatings improve 
the corrosion and wear resistance, and biocompatibility [43–45]. The 
properties of the oxide layer depend on the oxidation kinetics [50,51]. 
A different technique for obtaining oxide layers is electrochemical 
oxidation, a technique allowing appropriate selection of parameters and 
resulting in oxide layers of various structures and thicknesses, including 
nanostructures with bioactive and osteoconductive properties [52,53]. 
Nanotubular layers are used in medicine for several reasons. First of all, 
TiO2 nanotube layers formed on the implant surface show biocompati-
bility, significantly improve hydrophilicity, adhesion, and proliferation 
of osteoblasts, and promote osseointegration [54,55]. The nanotubes 
create a surface topography similar to that of natural bone tissue while 
increasing the surface roughness in the nanoscale. The quality and 
geometric shape of the substrate determine the behavior of cells and 
their adhesion to the substrate [56]. It is known that osteoblasts (bone- 
forming cells) tend to adhere to rough surfaces, morphologically and 
chemically similar to natural bone tissue [57,58]. In contrast, fibroblasts 
(connective tissue cells) prefer smooth surfaces [59]. The adhesion, 
proliferation, and migration of the cells that make up the bone tissue are 
related to the diameter of the nanotubes. Bauer et al. [60] found that 
nanotubes with a diameter of about 15 nm were more stimulating for 
cell growth and differentiation while for those with diameters of about 
100 nm, a drastic increase in cellular apoptosis (death) could appear. 
However, there is still no clear answer as to the optimal diameter of the 
nanotubes that would stimulate cell growth and differentiation. Tita-
nium oxide nanotubes, despite their attractive biological and physico-
chemical properties, are characterized by low mechanical parameters, 
especially they are prone to brittle fracture [61]. 
In this research, new duplex oxide coatings (which may be also called 
sandwich, hybrid, or bi-layer coatings) were produced by two-stage 
oxidation. The inner layer was designed to increase corrosion resis-
tance and therefore also biocompatibility and long-lasting the implant. 
The outer layer was conceived as a nanotubular layer leading to the 
bioactivity of the implant. The first inner layer was obtained by thermal 
oxidation while the second layer by electrochemical oxidation. As a 
result of such a surface modification process, an improvement in the 
mechanical and chemical properties of the material was expected in 
particular. 
2. Materials and methods 
2.1. Materials 
The research was carried out on Ti-13Nb-13Zr titanium alloy man-
ufactured by SeaBird Metal Materials Co., China. This two-phase alloy 
had the β-phase and α’ phase, and martensitic structure. The chemical 
composition of the alloy was: Nb 13.5; Zr 13.5; Fe 0.05; C 0.04; N 0.013; 
H 0.004; O 0.11 mass pct., and Ti as the remainder. 
Alloy sheet was cut into specimens of dimensions 15x10x4.2 mm. 
The samples were then grounded with abrasive paper No. 2500 as the 
last (Struers Inc., USA). Finally, the samples were cleaned in an ultra-
sonic chamber (Sonic-2, Polsonic Palczynski, Warsaw, Poland) for 5 min 
in, subsequently, distilled water, methanol, and isopropanol (chemicals 
supplied by Avantor Performance Materials Poland S.A., Gliwice, 
Poland) and dried in laboratory air. 
2.2. Thermal and electrochemical oxidation 
The coatings were prepared by a two-step procedure using two 
subsequent oxidation methods. In detail, the thermal oxidation process 
was performed to achieve the continuous inner oxide layer (TO), and 
then the nanotubes were produced on such surface by the electro-
chemical method (EO). 
The thermal oxidation process was conducted in an air atmosphere, 
at temperatures 700, 800, and 900 ◦C for 4 h. The specimens were 
thermally treated in a tubular furnace (Protherm PC442, Ankara, 
Turkey), heated at a rate of 3 ◦C/min, and cooled to room temperature in 
the furnace. 
The electrochemical oxidation was performed in a standard electrical 
circuit composed of a power supply (SPN-110-1C, MPC Lab Electronics, 
Netherlands), the tested titanium sample as an anode, and the Pt elec-
trode as a cathode. All measurements were performed at a potential of 
20 V for 30 min at room temperature (parameters already used in [62] in 
neither stirred, aerated nor deaerated solution. The anodization pa-
rameters were set up based on some earlier investigations [62]. The 
oxidation started after 30 min from the immersion of a sample in solu-
tion to reach a steady-state condition. After any process, the specimens 
were rinsed in deionized water and dried in laboratory air. 
2.3. Structure and morphology 
The samples’ topography and cross-sections of all oxide layers were 
examined using the scanning electron microscope (SEM JEOL JSM- 
7600F, JEOL Ltd., Tokyo, Japan), equipped with an LED detector, at 
an acceleration voltage of 5 kV. The X-ray energy-dispersive spectrom-
eter (EDS, Edax Inc., USA) was applied to determine surface chemical 
composition. 
The roughness measurements were carried out by atomic force mi-
croscopy (Asylum Research MFP 3D, Oxford Instruments, USA) at the 
Universite Bordeaux, France. The surface topography was observed by 
the non-contact mode setting force of 50 mN. The roughness was 
calculated as an average of all measurements made in an area of 5.0x5.0 
µm. 
The phase studies were performed using the X-ray diffractometer 
(Philips X’Pert Pro –MPD, United Kingdom) with a vertical T-T goni-
ometer (190 mm radius). The Cu -ray source was operated at 40 kV, 50 
mA. 
The spectroscopic examinations of obtained oxide layers using the 
Raman spectrometer (Jobin-Yvon, USA) were made at the Max Berg-
mann Centrum of Biomaterials, Dresden Technical University. 
The glow discharge optical emission spectroscopy (GDOES) tests 
were done by the GD-Profiler 2 (Horiba Jobin Yvon, USA) at the Uni-
versite Bordeaux, Institut de Mecanique et des Materiaux, at 700 Pa of 
pressure, 30 W power, and 120 s measurement time. 
2.4. Nanomechanical studies 
The nanoindentation tests were carried out with nanoindenter 
(NanoTest Vantage, Micro Materials, United Kingdom) employing the 
Berkovich tip. The applied force was equal to 5 mN, the loading and 
unloading times were 20 s, and the dwell period under full load was 10 s. 
The subsequent indents were made at a distance of 50 μm. Oliver and 
Pharr method was applied to obtain the load–displacement curves. The 
reduced Young’s modulus (E) and the surface hardness (H) were 
determined. The Poisson‘s ratio value of 0.3 was used to calculate 
Young‘s modulus. The mean values were achieved based on 5 inde-
pendent tests each. 
2.5. Contact angle studies 
The measurements were done with a contact angle goniometer 
(Zeiss, Germany) by falling water droplet method, at room temperature. 
The mean values were calculated based on three independent attempts 
each. 
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2.6. Corrosion resistance research 
The corrosion parameters were determined by a potentiodynamic 
method. The test Ringer‘s solution had composition: 2.25 g NaCl, 0.105 
g KCl, 0.06 g CaCl2, and 0.05 g NaHCO3 in 1 L of water (Merck KGaA). 
The tests were performed at pH 7, 5, and 3; the lowest value was applied 
to simulate inflammation states [67]. The potentiostat/galvanostat 
(VersaSTAT 4, Ametek Scientific Instrumentation, UK) and an electro-
chemical cell composed of titanium anode, Pt cathode, and SCE (satu-
rated calomel electrode) as reference electrode was used. 
The samples were stabilized at their open circuit potential (OCP) for 
0.5 h before the test. The potential was changed at a rate of 10 mV/min 
between − 2 and 2.5 V. The corrosion potential Ecorr and corrosion cur-
rent density icorr were found from the intercepts of polarization curves 
based on the Tafel extrapolation method. 
2.7. Biological assessment of antibacterial activity 
Studies of antibacterial activity of nanotubular surfaces were carried 
out at the Gdansk University of Technology, Faculty of Chemistry, with 
the S. aureus ATCC25923 strain. The samples were deposited in 5 mL of 
bacterial suspension (containing at least 106 colony forming units, CFU, 
in 1 cm3) prepared in phosphate-buffered saline (PBS: 8.0 g NaCl, 0.24 g 
KH2PO4, 0.2 g KCl, 1.44 g Na2HPO4 in 1 L of distilled water), in which 
they remained for 1 min at room temperature. Then the samples with 
bacteria adsorbed on their surfaces were moved to 5 mL of sterile 
Trypticase Soy Broth (TSB) medium placed in the 8-well microplates. 
The samples were incubated at 37 ◦C for 24 h (one day) or 120 h (5 
days). Subsequently, the samples were carefully removed from the TSB 
medium and rinsed by submersion, three times in 0.9% NaCl solution. 
Afterward, the samples were placed in the wells of a new titration plate 
containing 5 mL of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H- 
tetrazolium bromide) solution (0.3%) in PBS. The living bacteria cells 
reduced MTT to insoluble in water violet formazan crystals (the amount 
of formed formazan is proportional to the number of live bacteria still 
present in the form of biofilm on the surface). Next, after 2 h incubation 
at 37 ◦C in the dark, the solution of MTT in PBS was carefully removed 
from the wells and replaced with 5 mL of dimethyl sulfoxide (DMSO) for 
dissolving formed formazan crystals. The optical density of the obtained 
solutions was measured at 540 nm using a Victor3 microtiter reader 
(Perkin Elmer, Waltham, MA, USA). 
2.8. Biological tests of cytotoxicity 
Cytotoxicity tests were performed at the Warsaw Medical University, 
Department of Dental Surgery, on fibroblasts obtained from neonatal rat 
Lewis Op/Op after the third passage. A small microscope slide was 
placed into small plastic plates with a diameter of 35 mm (Corning, 
430165). For each of them, except for control plates, single titanium 
samples were filled with a suspension of cells in the culture medium. All 
plates contained 100,000 cells suspended in a 2.0 mL of medium. After 
five days, the slides with the deposited cells were rinsed with physio-
logical saline and preserved in a mixture of methanol and acetic acid 
(3:1) for 5 min, and then stained with hematoxylin and eosin. The 
preparations were dehydrated with DPX (a mix of distyrene, a plasti-
cizer, and xylene), dried, and subjected to microscopic evaluation. The 
density of cultured cells and their morphological features, as well as the 
presence of forms of mitotic divisions, were assessed. The evaluation of 
each sample was carried out three times. 
Fig. 1. The coating morphology after thermal oxidation: (a) 700 ◦C, (b) 800 ◦C, (c) 900 ◦C, (d) cross-section after thermal oxidation at 700 ◦C.  
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3. Results 
3.1. Surface topography and thickness of coatings 
Fig. 1 presents several images of the thermally prepared oxide 
coatings. The coatings differed in surface quality and layer thickness. 
The layers produced at the temperature of 700 ◦C were the thinnest 
(50–68 μm; Fig. 1d) and homogenous, however, they had single small 
cracks. As the temperature of the thermal oxidation process increased, 
the structures of the layers changed, and crystalline layers began to 
form, the volumes of individual crystals gradually increased. The 
thicknesses of the oxide layers increased with oxidation temperature, at 
800 ◦C it was 78–87 µm, and at 900 ◦C, it was 90–97 μm. 
After thermal oxidation was carried out, the next step was to create 
nanotubular layers with the use of electrochemical oxidation. The 
compact homogenous layers of nanotubes were obtained on the native 
material and thermally modified samples at the temperature of 700 ◦C 
(Fig. 2). On the surface of the remaining samples, subjected to oxidation 
at a higher temperature, no nanotube-like layers were observed. 
The thickness of the EO nanotubular layer was about 1000 nm, but 
for the layer produced after previous heat oxidation (TO) thickness of 
the nanotube layer was lower than that formed on the polished titanium 
alloy Ti-13Nb-13Zr, with the same process parameters, being in the 
range of 725–773 nm (Fig. 2b, d). However, no differences in the di-
ameters of the nanotubes between EO and TO + EO were observed, their 
sizes ranged from 40 nm to 120 nm. Also, the thickness of the nanotube 
walls was the same for EO and TO + EO, from 10 nm to 25 nm. 
The formed layers had a different chemical composition (Table 1). 
The modification of the Ti-13Nb-13Zr alloy surface showed that the 
layer contained fewer alloying elements (Ti, Nb, Zr). 
Lopes et al. [63] also observed a decrease in the share of Ti ions in the 
outer oxide layer formed on the TiNbZr alloy. This is most likely due to 
the slower diffusion of elements Ti and Nb, compared to the diffusion 
rate of Zr. This fact is consistent with the Ellingham diagram which 
Fig. 2. The coatings morphology after electrochemical oxidation to the samples: (a) EO; (b) cross-section for EO; (c) TO (700 ◦C) + EO, (d) cross-section after TO 
(700 ◦C) + EO, (e) TO (800 ◦C) + EO, (f) TO (900 ◦C) + EO. 
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shows that the oxidation of Zr is faster compared to that of Nb [64]. On 
the other hand, Golvano [65] noticed that the passive layer formed on 
the Ti-13Nb-13Zr titanium alloy was a mixture of TiO2, ZrO2, and Nb2O5 
oxides, unlike for other titanium alloys (e.g.: Ti5Al2.5Fe, Ti15M-
o2.8Nb3Al, Ti15Mo5Zr3Al, Ti6Al4V), which could form uniform 
compact layers on the surface, comprising of TiO2 and traces of other 
oxides. 
With the increase of the thermal oxidation temperature, the mass 
fraction of oxygen in the layer increased, while the fraction of titanium 
decreased. The oxygen content in the layer was determined from the 
stoichiometry (hence the asterisk symbol for oxygen content). Based on 
EDS readings, the elementary content of each alloying metal was 
determined. Then, assuming that oxygen formed the appropriate stoi-
chiometric oxides, the oxygen content was calculated and the whole was 
normalized to 100%. By examining the percentage composition of the 
elements niobium and zirconium in the titanium alloy (native material), 
subject only to grinding and polishing processes, it can be seen that both 
of these elements are in nominal percentage limits. As a result of 
oxidation, the mass fractions of all alloying elements decreases. The 
subtle differences are noticed among the chemical composition of the 
samples. It may be suggested that taking into account even the 
contaminants found after electrochemical oxidation, thermal oxidation 
results in the increasing fraction of oxides of Zr and Nb, likely due to 
faster diffusion of these elements at high temperatures. 
The surface coating topography after different thermal and electro-
chemical oxidation is shown in Fig. 3, and Fig. 4 presents the roughness 
of coatings. For the native Ti-13Nb-13Zr titanium alloy, the lowest 
surface roughness was obtained thanks to polishing the surface. On the 
other hand, for coatings obtained by electrochemical oxidation, both for 
single nanotube layers (EO) and for double layers (TO + EO), similar 
roughness values were obtained, which were only slightly higher than 
for the polished material. The highest roughness parameters were 
observed for samples after thermal oxidation. 
Based on the literature [66,67] various structures can be observed in 
the XRD charts (Fig. 5). For each sample, and in particular, for the 
substrate alloy, specific reflexes at certain angles are seen. For samples 
made of Ti-13Nb-13Zr alloy (Fig. 5a) subjected to grinding and polishing 
Table 1 
EDS examinations of tested specimens.  
Element Ti-13Nb-13Zr TO EO TO þ EO  
Mass pct. Mass pct. Mass pct. Mass pct. 
O* 1.80 ± 0.79 46.86 ± 4.49 41.34 ± 5.09 58.83 ± 10.37 
Ti 72.17 ± 5.15 39.72 ± 3.26 44.13 ± 4.92 25.30 ± 2.19 
Nb 13.03 ± 0.41 6.65 ± 0.29 3.72 ± 0.16 5.13 ± 1.70 
Zr 13.00 ± 0.40 6.77 ± 0.24 5.54 ± 2.36 5.50 ± 1.68 
F – – 3.50 ± 2.87 3.43 ± 0.55 
P – – 1.77 ± 0.98 1.81 ± 0.4  
Fig. 3. The surface topography of AFM images for (a) Ti13Nb13Zr alloy, (b) alloy after TO treatment, (c) alloy after TO + EO treatment, (d) a single nanotube.  
Fig. 4. Roughness (Ra) measured in the area of 200 × 200 nm.  
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processes (without heat treatment processes), characteristic reflections 
are corresponding to the α -Ti and β-Ti phase positions. On the surface of 
the samples with produced surface layers (EO, TO, TO + EO), on which 
the heat treatment processes (annealing - EO, TO + EO) were carried 
out, there are anatase and rutile structures. The intensity and width of 
the peaks depend on the size of the crystallites. Depending on the pro-
duced layers and carried out heat treatment process (especially the 
process temperature), the samples differ in the content of individual 
crystal structures. The EO layers (Fig. 5b) contained mainly anatase, 
while the TO layers (Fig. 5c) were dominated by rutile. The TO + EO 
layers have been expected, similarly to the EO (Fig. 5b), to possess the 
dominant anatase content. However, the research shows that a rutile 
content is higher than for EO, and the intensity of the main anatase peak 
is also higher. The intensity of the rutile peaks is however lower 
compared to TO. 
Raman spectroscopy (RS) [68] is a non-invasive test method that 
allows determining the degree of crystallinity and the quality of the 
material. Thanks to this technique, it is possible to identify the crystal-
line phases which make up TiO2 [69]. In the Raman spectrum (Fig. 6), 
appropriate modes A1g, B2g, Eg are used, which cause symmetrical 
bending vibrations (A1g), symmetrical bending vibrations (B2g), and 
symmetrical stretching vibrations (Eg) [70]. Using this technique, sharp 
144 cm− 1 anatase-derived peaks associated with Eg bundles and 519 
cm− 1 associated with A1g, B1g bundles were identified in the Raman 
spectra. There were also sharp peaks of 447 cm− 1, 612 cm− 1 associated 
with the vibration modes B2g and A1g beams, characterizing the rutile 
phase respectively. The anatase phase was also identified by the XRD 
diffraction peaks. The intensity of the diffraction peak increased with 
rising temperature [71], as seen in the TO plot. 
The dimensions of the crystallites present in the layer are important. 
It is generally known that when dealing with small crystallites, phonon 
propagation describes a finite correlation length with dimensions of the 
same order as the dimensions of crystallites and the relaxation of the 
selection rule for phonon shoots [71]. In contrast, the smaller the crys-
tallized dimensions, the wider (and more energetic) the peak. 
Fig. 7 presents the mechanical properties of the specimens - Young’s 
modulus and hardness. The load-to-displacement curves and nano-
indentation measurements illustrate the effects of the different coatings 
on the mechanical behavior of a surface. TO layers had a crystalline 
structure and therefore they possessed much higher hardness than the 
layers obtained by EO. The nanotubular structure had the lowest hard-
ness typical of a layer composed of long thin nanotubes. However, for 
the TO + EO coating, the hardness values were intermediate between 
the EO and TO layers. An important factor affecting the measurement of 
the hardness value, which may cause errors in nanoindentation tests, is 
the thickness of the oxide layer [72–74]. It is known that the indentation 
depends on the response of the substrate and the subsequent surface 
layers [75]. Maximum indent depths were here well below the total 
thicknesses of the measured layers, and no response from the substrate 
could be expected. 
Fig. 8 illustrates the results of the GDOES measurements. The values 
of wavelengths emitted by the excitation of atoms appeared for all 
present elements. For the titanium alloy (Fig. 8a), the distribution of 
elements with erosion (sputtering) time was abrupt and remained at a 
certain level. 
Fig. 5. XRD spectrum for (a) substrate titanium alloy, (b) EO, (c) TO, (d) TO 
+ EO. 
Fig. 6. Raman spectra of the oxide coatings.  
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The distribution of the intensity of individual elements for the alloy 
with the produced layers is different as in the EDX examination. In the 
case of the EO, TO, and TO + EO coatings, the intensity fluctuations of 
the alloying elements appeared. In the initial phase of the research, there 
were clear fluctuations in the intensity of the main alloying elements: Ti, 
Nb, and Zr. The oxygen content was slightly different for various coat-
ings and the substrate, but for each coating, the highest value was 
characteristic for the first erosion phase (maxima) that could be iden-
tified as resulted from the presence of oxide coatings of different 
thicknesses. 
3.2. Wettability testing 
The examined layers differed in the average angle (Fig. 9), which for 
the Ti-13Nb-13Zr alloy indicated hydrophobic surface, and for the 
oxide-coated titanium alloy, the hydrophilic surface was observed. For 
materials intended to come into contact with hard tissue, the contact 
angle should be between 35◦ and 80◦ [62,76]. The TO and TO + EO 
coatings have wettability within this range. 
3.3. Corrosion behavior 
The susceptibility to pitting corrosion depends on the type and 
properties of the material, as well as on the characteristics of the envi-
ronment. The corrosion resistance of metal alloys was tested in various 
environments used in implantology. Liu et al. [77] after producing a 
titanium oxide layer (sol–gel method, thickness of 205 nm) tested the 
corrosion resistance of a thin film in Tyrode’s solution. Pool et al. [78] 
used blood plasma to test the corrosion resistance of NiTi alloy with 
titanium dioxide layer modified as a result of ion implantation. Similar 
research was also carried out in Ringer’s solution [79]. 
Fig. 10 shows the potentiodynamic polarization curves for the 
Fig. 7. Nanoindentation test results. Mechanical property: (a) maximal depth 
and plastic depth, (b) hardness and Young’s modulus. 
Fig. 8. GDOES analysis results: (a) titanium alloy Ti13Nb13Zr, (b) EO, (c) TO, (d) TO + EO.  
Fig. 9. The average contact angle results.  
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polished titanium alloy Ti-13Nb-13Zr, as well as for the produced by 
electrochemical (EO) and thermal oxidation methods (TO, TO + EO) 
coatings. As can be seen, not all layers showed good corrosion resistance. 
The nanotubular oxide layer was characterized by the best protective 
properties, and very close values were obtained for the reference sam-
ples, i.e. titanium alloy subjected to polishing and grinding. The samples 
with gas-formed layers (TO) turned out to be the most susceptible to the 
corrosive environment, while the samples covered with TO + EO layers 
showed higher corrosion resistance compared to TO layers and lower 
than EO. 
The factor proving the improvement of the corrosion resistance is the 
decrease in the value of the corrosion current density Icorr coefficient 
with the simultaneous increase in the corrosion potential Ecorr. 
After analyzing the obtained parameters and the collective charac-
teristics (Table 2), it was noticed that the highest corrosion resistance 
was demonstrated by the titanium alloy with the applied double layer 
TO (700 ◦C) + EO. The analysis of the data on the value of the Ecorr 
corrosion potential and the corrosion current density Icorr showed a 
slight increase in the corrosion resistance of the TO (700 ◦C) + EO layers. 
The corrosion current density for the polished alloy is at least one order 
of magnitude higher than that of the nanotube layers. 
3.4. Biological studies 
In cytotoxicity tests (Fig. 11), the five-day-old cultures formed a 
relatively even layer of cells (monolayers), with a large number of 
mitotic divisions: metaphase and prophase, and a small number of 
polymorphs (polycarrions) with no signs of cell damage. The cell culture 
image showed that the examined layers did not change and did not affect 
the behavior of osteoblasts. 
Fig. 12 presents intensities of biofilm formation on the surface of 
materials, measured by the absorbance values of formazan solutions 
(diluted in DMSO) produced by live bacterial cells with MTT. After one 
day’s exposure, the lowest absorbance values were observed for the 
reference samples. The presence of the nanotubular surface markedly 
accelerated the biofilm formation, which increased significantly after 
five days. The lowest levels were obtained for the TO samples for which 
a slight decrease in biofilm formation was observed. In contrast, for 
samples with a nanotubes layer (EO and TO + EO), only a slight dif-
ference was noticed between the first and fifth days. 
Nanotube layers are used in medicine for several reasons. Firstly, due 
to the increase in roughness, compared to the ground, polished surface 
of titanium alloys, they provide much better adhesion of the hydroxy-
apatite coating, but also facilitate the adhesion of S. aureus, S. epidermidis 
Fig. 10. Measurements of potentiodynamic polarization curves for (a) titanium alloy; (b) EO; (c) TO; (d) TO + EO.  
Table 2 
Corrosion current density and corrosion potential at pH 7.  
Sample Corrosion Parameters 
Ecorr (V) Icorr (μA/cm2) 
Titanium alloy − 1.78 5.16 × 10-8 
EO − 0.91 1,65 × 10-9 
TO (700) − 1.45 1.19 × 10-6 
TO (800) − 1.39 4.47 × 10-7 
TO (900) − 0.13 2.71 × 10-7 
TO (700) + EO − 1,50 1.15 × 10-5  
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[80] and Pseudomonas aeruginosa [81]. The opinions on this subject are 
divided, Ercan [82] observed a significant reduction of S. aureus biofilm 
formation on nanotube layers after 2 days of cultivation. There are re-
ports on the influence of the chemical composition of nanotube layers, 
more specifically fluoride ions, on the adhesion of bacteria [81–83]. 
On the other hand, the number of cells adhering to the surface of 
nanotubes is greater compared to polished titanium and depends on the 
diameter of the nanotubes and the phase structure. Lewandowska et al. 
[84] found that fibroblasts induced on the surface of TiO2 nanotubes 
began to form filopodia that penetrated the nanotubes. Secondly, 
nanotubes, due to their elongated cylindrical shape and significant 
loading capacity, are attractive for drug delivery systems [85–87], it is 
possible to contain antibiotics and nanometals providing local protec-
tion against microbes. For example, the introduction of vancomecin [88] 
resulted in a 40% reduction in the spread of S. aureus. On the other hand, 
the use of gentamecin by Lin et al [89] limited the adhesion of S. aureus, 
S. epidermidis. The nanotube layer does not increase and sometimes even 
lowers the corrosion resistance, and thus also the biocompatibility and 
lifetime of the implant. 
4. Discussion 
The heat treatment performed here to obtain a change in crystallinity 
might have a certain effect on the mechanical properties of titanium 
substrate. However, the increase in grain size is significant for this class 
of alloys at temperatures over 850 ◦C [90], far above those here applied. 
Moreover, for similar Ti6Al4V alloy, annealing at 600 ◦C for 3 h resulted 
in improved ductility and strength [91]. Summarizing commonly 
applied heat treatment of nanotubes used also here is not expected to 
negatively influence the mechanical properties of the implant. 
Compared to the data in the literature [92–94], the achieved results 
of thermal oxidation of titanium alloys appear similar. However, there 
were differences in the thickness of the layers, which grew following the 
mechanisms of the process kinetics [42]. The appearance of anatase and 
rutile is predicted by the thermodynamics of the formation of oxide 
phases on titanium in the air. The formation of high surface roughness 
after oxidation at higher temperatures can be explained by nucleation 
and the growth of a new phase - rutile. The porosity of the alloy allows 
for the formation of oxide layers not only on the surface but also inside 
the pores, at depths that can be tested without the need for cross- 
sections. Our recent (so far unpublished) data indicate the formation 
of oxide layers within the pores occurs in the entire volume of the porous 
Fig. 11. Cytotoxic tests of osteoblasts cells: (a) titanium alloy; (b) EO; (c) TO; (d) TO + EO.  
Fig. 12. Test of the bacterial film with used Staphylococcus aureus.  
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titanium alloy. 
An important new observation is a change in the contents of elements 
in the oxide layers as the temperature increases during TO treatment. 
This proves a very favorable phenomenon of enriching the layer with 
zirconium and niobium oxides, with a simultaneous decrease in the 
amount and fraction of titanium oxide. Presumably, it is the result of the 
core diffusion of titanium and oxygen, and the spinal diffusion of zir-
conium and niobium. The increase in roughness promotes both the 
adhesion of osteoblasts and the possibility of deposition of another 
oxide, phosphate, and composite coatings on the primary surface of 
thermally obtained oxide layers. This is particularly important for the 
development of surface modification technology for screw dental 
implants. 
By applying thermal and electrochemical oxidation, a crystalline 
nanotubular coating was obtained only on samples oxidized at the 
lowest temperature, 700 ◦C. The quite satisfactory protective properties 
of titanium and its alloys after thermal oxidation, even surprisingly 
worse than after electrochemical oxidation, are a consequence of the 
appearance of compact and dense oxide film [95]. 
The dense, homogeneous nanotubular layers obtained as a result of 
two-stage oxidation (TO + EO) have different lengths and diameters of 
nanotubes, similar to one-stage oxidation (EO). That means that there is 
no significant difference for the growth of oxides either on titanium 
structure or oxide ceramic crystal phase. However, this process seems 
more complex as the thickness of the nanotubular layer after TO + EO 
modification is lower than that after a single EO treatment. It is certainly 
related to the slower diffusion of oxygen in the previous oxide phase 
(after TO) than in the alloy structure. 
No nanotubular layers were obtained on the samples thermally 
oxidized at 800 ◦C and 900 ◦C. The reason for the lack of the nanotubes 
is a thick, dense, high resistant inner oxide layer formed as a result of 
high-temperature thermal oxidation, which prevents the flow of ions 
between the parent material and the solution. 
The GDOES tests carried out show that all the produced layers 
contain mainly elements such as titanium, zirconium, niobium, and 
oxygen, as confirmed by previous EDS tests. The lowest oxygen level in 
the layers was demonstrated for the Ti-13Nb-13Zr alloy, no underwent 
any additional oxidation (only polished). In such conditions, a layer of 
titanium oxide with a thickness of only a few nanometers was sponta-
neously formed. Double layers (TO + EO) showed the highest oxygen 
content in the layer what could be attributed to the development of the 
nanotubes into which oxygen can penetrate. 
Interesting is also the course of such curves for titanium, as its con-
tents at the surface are quite low, while after, as a result of further at-
omization, the intensity of titanium increased. However, for the TO 
samples there was an increase in titanium content, then a temporary 
decrease, and another increase. On the other side, for TO + EO, a 
gradual, very moderate increase in the titanium content was observed at 
a distance from the surface. This may be due to the presence of two 
layers with a different structure and/or the presence of titanium oxide 
with a different structure, e.g. non-stoichiometric oxide of the TiO2-X 
type. The report of Shimizu et al. [96] suggested the atomization rate of 
the amorphous oxide layer (142 nm thick), formed in sodium chromate 
solution, as of 15.3 nm/s. 
The electrochemical potentiodynamic tests showed that the surface 
characteristics and thickness of the obtained layers have a significant 
impact on corrosion resistance. The lowest corrosion resistance after EO 
oxidation among all treatments, and lower its value after TO + EO 
modification, compared to TO alone, are visible. It could be easy to 
explain the lowered corrosion resistance (strictly, corrosion current 
density) by the presence of nanotubular (or nanocrystalline, in general) 
structure which possesses a large number of grain boundaries acting as 
channels for fast atomic diffusion [97,98]. The potential corrosion sites 
for nanotube layers may be corrosion tunnels, free spaces inside and 
between the nanotubes. On the other hand, the corrosion resistance in 
presence of the oxide layer of the nanotubular structure is higher than 
that of base metal, as already shown [99]. However, the best corrosion 
resistance for the nanotubular layer may be evidence that corrosion 
tunnels are not important in corrosion progress, but nanotubes formed 
during anodization are distinctly resistant to electrochemical corrosion 
for reasons so far difficult to understand. The high difference can be 
attributed to the extraordinary stability of nanostructures, but the exact 
model of dissolution of nanotubes cannot be given yet for this specific 
case. 
5. Conclusions 
The applied technologies of thermal and electrochemical oxidation 
at appropriate process parameters, as well as their combination in two- 
stage oxidation, make it possible to obtain double (sandwich) coating on 
the titanium substrate. As a result of thermal oxidation, an oxide layer 
with a crystalline structure is formed, consisting of anatase and rutile. 
On the other hand, the anodizing process carried out in solutions con-
taining fluoride ions results in a protective oxide layer with a bioactive 
nanotubular oxide surface structure if the previous TO oxide layer is 
obtained at a temperature of about 700 ◦C. Two-stage oxidation leads 
then to the formation of the double coating. 
The appearance of the double coating is possible only at some ther-
mal oxidation temperatures. The lower oxidation temperatures may not 
bring out any significantly thick oxide layer, and the higher tempera-
tures result in the oxide layers constituting the effective barrier for 
diffusion of elements. The creation of the nanotubular oxide layer may 
occur by chemical etching of oxide layer and electrochemical oxidation, 
but the increasing thickness of the oxide ceramic layer formed during 
thermal treatment increases its resistivity, decreases the current flow, 
and finally stop the formation of the nanotubes. 
The produced titanium oxide crystalline double coatings show high 
surface roughness, high corrosion resistance, are hydrophilic, slightly 
antibacterial, and not cytotoxic. Therefore they are expected to have a 
significant impact on an enhancement of the implant-bone integration 
process, the process of bone tissue growth, and an improved lifetime of 
the titanium implants. 
Titanium oxide nanotube arrays have been proposed for different 
medical applications, among others in nanotheraupetics by filling 
nanotubes with enzymes and proteins, with active or immunosuppres-
sive agents, and antibacterial antibiotics or nanometals [100,101]. This 
research has a potential for the development of such nanostructures on 
titanium implants as shown innovative technology leaves biocompati-
bility and bioactivity of so far nanotubular layers, while strengthening 
corrosion resistance and in such a way enlarging lifetime of implants. 
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